Horizontal cells (HCs) mediate negative feedback to photoreceptors. In the mammalian retina, there are two types of HCs, which are extensively coupled to neighboring cells through homologous gap junctions. The permeability and therefore the strength of feedback can be regulated by light intensity, dopamine and many other factors. However, the component(s) of the most prominent gap junctions, those between A-type HCs in the rabbit retina, is still unknown. In this study, we compared the sequences of many types of mammalian connexins, obtained partial sequences of rabbit connexin 50 and 57. Using specific primers designed against the rabbit sequences, we identified mRNAs of connexin 50 and/or 57 in visually selected single A-type HC using multiplex RT-PCR.
INTRODUCTION
In the central nervous system, neurons communicate with each other through two types of synapses, chemical (conventional) synapses and electrical synapses. The electrical synapses, also known as gap junctions are small pores across neighboring membranes formed by connexins (Cxs). In the retina, intracellular injection of Neurobiotin showed that gap junctions exist among same type of neurons (homologous coupling) or among different types of neurons (heterologous coupling) [1] . Since the identification of the first neuronal connexin, Cx35 in the fish retina [2] , a number of connexins have been identified [3] . The functions of some connexins have been well studied, see reviews [4, 5] . For example, Cx36, the murine otholog of fish Cx35, has been shown to locate in the rod pathway and to play an essential role in the transmission of rod signals [6] [7] [8] [9] [10] . Cx26 has been shown to form hemichannels on horizontal cells (HCs) and has been proposed to play a role in feedback mechanism to cones [11] .
Electron microscopy studies demonstrated the existence of gap junctions between A-type HCs decades ago [12] [13] [14] . Electrophysiological recordings supported the notion by showing that the receptive fields of A-type HCs exceed their dendritic fields for many folds in size [15] . Lucifer Yellow could readily pass through the gap junctions. Using the extent of coupling as a measure, it has been revealed that the permeability of this gap junctions is regulated by dopamine, pH, retinoic acid and intracellular cAMP [16, 17] , see reviews [18, 19] . However, the knowledge about component(s) of this most prominent gap junction in the retina is still limited. Existing evidence suggested that it was neither Cx26 or Cx36 [20] . There are suggestions that Cx50 may form gap junctions between A-type HCs in rabbit retina, and Cx57 between HCs in the mouse retina [21, 22] . However, mouse has been shown to only possess one type, axon-bearing HCs [23, 24] . In this study, we obtained partial sequences of rabbit Cx50 and 57, identified mRNAs of Cx50 and 57 in visually selected, dissociated single A-type HCs of rabbit retina using multiplex RT-PCR.
MATERIALS AND METHODS
All procedures of handling experimental animals have been approved by the institutional committee and conform to the NIH guide for the Care and Use of Laboratory Animals. Adult New Zealand White rabbits were overdosed with a mixture of Ketamine and Xylazine. Eyes were quickly enucleated and retinas were carefully isolated in oxygenated Ames solution for later use. In the initial phase, 10 µl 4',6'-diamidino-2-phenylindole (DAPI 1 µg/µl, Sigma) were injected intraocularly under anesthesia with Ketamine and Xylazine one day before experiment, in order to distinguish A-type HCs from axon terminals of B-type HCs.
The methods of obtaining isolated A-type HCs have been described in detail previously [25] . The retina was dissociated by mild mechanical trituration after treated in a mixture of 80 U/ml papain (Sigma) and 0.1 mg/ml L-cysteine (Sangon, Shanghai) in Earle's balanced salt solution (EBSS, Sigma) at 37°C for 15 min. The suspension of cells was diluted in HEPES buffer (NaCl 135 mM, KCl 5 mM, MgCl 2 1 mM, CaCl 2 2 mM, HEPES 10 mM, Glucose 10 mM, BSA 0.1 mg/ml, pH7.4). A-type HCs were easily identified by their unique morphology using a Nikon E600FN microscope equipped with a 10 × objective (Fluor N.A. 0.3). A glass pipette with a tip of approximately 10 µM, filled with EBSS containing Yeast tRNA carrier (1 µg/µl, 15401-011, Gibco, Grand Island, NY), RNase inhibitor
Fig. 1
Design and refinement of nucleotide sequence specific primers for rabbit Cx50 and 57. Amino acid sequence of 13 human connexins, mouse Cx57 and zebra fish Cx55.5 are analyzed using multiple alignment. Different amino acids in different species are darkened. For clarity, only nine human connexin sequences and the mouse Cx57 sequence are shown. An upstream amino acid sequence specific for Cx57 (57du1) and a downstream sequence common to all connexins (dd1) were used to design the degenerative primers (annotated above the arrows). The primers used in the 2nd round PCR are marked as 57du2 and 57d2. A pair of primers marked by 57u3 and 57d3 is designed using nucleotide sequences specific for rabbit Cx57, and used in the single cell PCR. The design and refinement of specific primers for rabbit Cx50 is similar and marked with 50du1, dd1, 50u2 and 50d2.
(0.5 U/µl, SNBC, Shanghai) was used to translocate the HCs to 0.2 ml PCR tubes containing 1 µl H 2 O with 1 µg/µl Yeast tRNA and 0.5 U/µl RNase inhibitor. The tube was quickly stored in liquid nitrogen for later use.
If not specified, the first strand cDNA of the whole retina or of single A-type HCs was synthesized using Superscript First-Strand Synthesis System for RT-PCR (11904-018, Gibco) according to manufacturer's instructions.
For the PCR amplification, 1µl diluted RT product was added into the mixture containing following components: 2.5 µl 10 × PCRbuffer (SNBC, Shanghai); 1.5 µl 25 mM MgCl 2 (SNBC, Shanghai); 0.5 µl 10 mM dNTP (TaKaRa); 0.5 µl 50 µM of each downstream and upstream degenerative primers (SNBC, Shanghai); 0.25 µl Taq polymerase (5 U/µl, SNBC, Shanghai) and 18.5 µl DEPC-H 2 O (Sangon, Shanghai). A hot-start PCR was performed by directly incubating the PCR tube at 95°C, followed by a PCR program: 95°C for 3 min, 40 cycles of 94°C for 30 sec, 59°C for 30 sec (the annealing temperature decreases 0.5°C every cycle until it reaches 54°C), 72°C for 60 sec followed by a 15 min extension at 72°C. The PCR products were loaded into 1.8% agrose gel and the expected band was purified by the Gel (PCR) Purification Kit (Qiagen), cloned into the pUCMT (SNBC, Shanghai) and sequenced.
For single cell RT-PCR, selected HC was digested with RNasefree DNaseI (TaKaRa) and mRNA was reverse transcribed into cDNA as described above. The cDNA was amplified in the reaction mixture composed of 30 mM Tris-HCl (pH 8. For single cell multiplex RT-PCR, the procedures were almost identical to single cell RT-PCR. The only difference is the nucleotide sequence specific primers for Cx57, Cx50 and GAPDH were introduced into the PCR reaction mixture at the same time. Products (15 µl) of the first round PCR were purified with the PCR purification kit (SNBC, Shanghai). Purified aliquots (3 µl) were amplified separately in a second-round, 35-cycle PCR reaction using sequence specific primers of Cx57, Cx50 and GAPDH, respectively.
RESULTS AND DISCUSSION
We analyzed thirteen human connexin proteins (Cx25, 26, 30, 31, 32, 36, 37, 40, 43, 45, 50, 58, 62), zebra fish Cx55.5 and mouse Cx57 by multiple sequence alignment (Fig. 1) . We designed an upstream degenerative primer using an amino acid sequence specific for homologs of Cx57 (AQMENPE) (57du1: 5'GCYCAGATGGARAAYCC HGA3') and a downstream degenerative primer using an amino acid sequence derived from a conserved region of all fifteen connexins (PTEKTVF) (dd1: 5'GAAGACGGT YTTYTCKGTRGG3') ( Fig. 1) . A 285 bp band derived from whole retina cDNA was purified, cloned and sequenced. The amino acid sequence revealed a fragment with 88% homology to mouse Cx57 (Genebank NP_034419) and 95% homology to human Cx62 (Genebank NP_115991).
To further improve the specificity of the primers for rabbit Cx57, we used the whole retina cDNA for another round of PCR using an upstream degenerative primer against an amino acid sequence specific for homologs of Cx57 (57du2: 5'ATGGGSGACTGGAAYCTSYT3') ( Fig.  1 ) and a downstream primer against a nucleotide sequence specific for rabbit Cx57 (57d2: 5'GGGACAAGGA GGCTGAGTGCATTT3') ( Fig. 1 ). Using these two primers, we obtained a 582 bp band. When this band was cloned, sequenced and combined with the result of previous experiment, a partial gene sequence of rabbit Cx57 is obtained (Genebank accession number AY515298) (Fig.  1) . The amino acid sequence of the partial rabbit Cx57 shows a homology of 92% to mouse Cx57 (Genebank NP_034419) and 94% homology to human Cx62 (Genebank NP_115991), respectively. A partial sequence of rabbit Cx50 (Genebank accession number AY603359) is obtained by using the upstream degenerative primer against an amino acid sequence specific for homologs of Cx50 (CHIIFKT) (50du1: 5'TGCCACAT YATYTTYAARAC3') and the downstream primer dd1 (Fig.  1) . The amino acid sequence of this 159 bp fragment showed 100% homology to mouse Cx50 (Genebank NP_032149) and human Cx50 (Genebank NP_005258).
A-type HCs have morphology similar to that of the axon terminals of B-type HCs. To rule out the possible contamination of axon terminals of B-type HCs, we stained the retina with DAPI overnight before dissociation. The identity of A-type HCs was confirmed by the presence of a nucleus (Fig. 2) . All 80 A-type HCs identified by morphology had visible nuclei under UV illumination. Although we did not use any HCs exposed to UV as templates for single cell RT-PCR due to possible UV damage to nucleic acids, we are confident that a predominant proportion of cells selected are indeed A-type HCs.
A pair of upstream and downstream primers (57u3 and 57d3) against the nucleotide sequence specific for rabbit Cx57 were designed and used for single cell RT-PCR (Fig.  1) . Using these primers, Cx57 mRNA has been identified in single and multiple (2-4) visually selected A-type HCs (qualitatively similar to Fig. 3) . Similarly, using nucleotide sequence specific primers (50u2 and 50d2, Fig. 1 ), Cx50 mRNA has also been detected in single A-type HCs (qualitatively similar to Fig. 3) .
Several controls were carried out. GAPDH was used as a positive control to make sure that mRNAs of the HCs were reverse transcribed and amplified. The whole retina cDNA was used as a positive control to check the size of the band obtained from single cell PCR (data not shown). Negative controls using H 2 O, HEPES buffer taken from the dish as templates, treated with DNaseI and reverse transcriptase, and HCs treated with DNaseI but without reverse transcriptase were carried out to rule out possible contamination from PCR system, extracellular mRNA and genomic DNA.
To answer the question whether Cx50 and Cx57 are expressed in the same HCs, we performed single cell multiplex RT-PCR checking mRNAs for Cx50, Cx57 and GAPDH simultaneously. Out of 8 cells showed GAPDH positive band, two cells showed positive signal for Cx57, three cells for Cx50, one cell exhibited both Cx57 and Cx50 signals (Fig. 3) .
In this study, we obtained partial gene sequences of rabbit Cx50 and 57, designed nucleotide sequence specific primers and identified mRNAs of Cx50 and Cx57 at the level of single visually identified A-type HCs. Our results indicate that these connexins could be utilized to form the most prominent gap junctions in the rabbit retina.
The gap junctions between A-type HCs have some unique properties. They have a large conductance reflected in the size of their receptive fields, which exceeds the dendritic fields several times. They are permeable to negatively charged Lucifer Yellow molecules whereas most gap junctions in the retina are only permeable to positively charged Neurobiotin. This may due to charge selectivity rather than pore size [26] . These properties lead us to target Cx50 and Cx57, homologs of fish Cx44.1 and Cx55.5. The heterotypic channels formed by Cx44.1 and Cx55.5 in functional expression system showed large conductance and strong rectification [3] . Indeed, our results showed that Cx50 and Cx57 are transcribed in the A-type HCs in the rabbit retina.
The relatively low success rate is likely due to the technically demanding single cell manipulation. Firstly, the acute dissociation may injury horizontal cells: the digestion with papain and subsequent dissociation by mechanical force may disrupt the dendrite of A-type HC. The cells may initiate apoptosis when it suffered this damage, therefore most mRNAs might be degraded. Secondly, although we made a lot of efforts to ensure that the selected cell did enter the pipette, and re-examined the pipette after expelling the cell into the PCR tube, it is hard to be certain that the cell is indeed present in the PCR tube. Thirdly, the minute amount of mRNA is easily degraded. Therefore, the GAPDH control is critical, an indication of the presence of the HC. In some cases, GAPDH could also be detected in extracellular solution (Fig. 3, Lane 13) , probably due to the contamination of small cells when sampling extracellular solution, or due to high concentration of GAPDH mRNA in the solution during dissociation. The data were excluded if extracellular solution showing positive GAPDH.
The identification of mRNAs cannot be equated to be the expression of functional connexins. We attempt to examine the connexin protein expression by immunohistochemistry but failed to do so, because the antibody didn't work in the rabbit retina. 
